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A rise in intracellular free Ca21 concentration ([Ca21]i) is required to activate sperm of all organisms studied. Such elevation
f [Ca21]i can occur either by influx of extracellular Ca21 or by release of Ca21 from intracellular stores. We have examined
these sources of Ca21 in sperm from the sea squirt Ascidia ceratodes using mitochondrial translocation to evaluate
activation and the Ca21-sensitive dye fura-2 to monitor [Ca21]i by bulk spectrofluorometry. Sperm activation artificially
evoked by incubation in high-pH seawater was inhibited by reducing seawater [Ca21], as well as by the presence of high [K1]o
or the Ca channel blockers pimozide, penfluridol, or Ni21, but not nifedipine or Co21. The accompanying rise in [Ca21]i was
also blocked by pimozide or penfluridol. These results indicate that activation produced by alkaline incubation involves
opening of plasmalemmal voltage-dependent Ca channels and Ca21 entry to initiate mitochondrial translocation.
Incubation in thimerosal or thapsigargin, but not ryanodine (even if combined with caffeine pretreatment), evoked sperm
activation. Activation by thimerosal was insensitive to reduced external calcium and to Ca channel blockers. Sperm [Ca21]i
increased upon incubation in high-pH or thimerosal-containing seawater, but only the high-pH-dependent elevation in
[Ca21]i could be inhibited by pimozide or penfluridol. Treatment with the protonophore CCCP indicated that only a small
percentage of sperm could release enough Ca21 from mitochondria to cause activation. Inositol 1,4,5-trisphosphate (IP3)
delivered by liposomes or by permeabilization increased sperm activation. Both of these effects were blocked by heparin. We
conclude that high external pH induces intracellular alkalization that directly or indirectly activates plasma membrane
voltage-dependent Ca channels allowing entry of external Ca21 and that thimerosal stimulates release of Ca21 from
P3-sensitive intracellular stores. © 1999 Academic Press
Key Words: Ascidia ceratodes; ascidian; calcium signaling; inositol 1,4,5-trisphosphate; IP3; liposome delivery; perme-
bilization; Ca channels.
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1INTRODUCTION
Sperm activation is one of the earliest events in fertiliza-
tion and prepares the sperm for penetration of the egg’s
protective barriers and for ultimate fusion with the oo-
1 Current address: Albert Einstein College of Medicine of Ye-
shiva University, Box Number 315, 1300 Morris Park Avenue,
Bronx, NY 10461.
2 Current address: Medical College of Wisconsin, 8701 Water-
own Plank Road, Milwaukee, Wisconsin 53226-0509.
3 To whom correspondence should be addressed at Department
f Biological Science, California State University at Fullerton, P.O.
ox 6850, Fullerton, CA 92834-6850. Fax: (714) 278-3426. E-mail:
koch@fullerton.edu.
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All rights of reproduction in any form reserved.emma. In ascidians, sperm activation is characterized by
everal interesting cellular events (reviewed by Lambert
nd Koch, 1988). The sperm of Ascidia ceratodes is a
articularly good model for studying sperm activation be-
ause it is characterized by a definitive event (i.e., mito-
hondrial translocation) that can be readily stimulated
rtificially (Lambert and Epel, 1979; Lambert and Lambert,
983) and easily observed in vitro (Garrett et al., 1999).
During fertilization, sperm bind to species-selective sites
on the egg (Honegger, 1982; Lambert, 1986; Downey and
Lambert, 1994) and the anchor site moves over the mito-
chondrion (Lambert, 1989), which then rounds up and
migrates off the head by an actin:myosin-dependent process
(Lambert and Lambert, 1984). The mechanical force gener-
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454 Butler et al.ated by the movement of the sperm relative to the anchored
mitochondrion, together with the digestion of the central
dense layer of the vitelline coat by a sperm-surface protease
(Koch et al., 1994), allows the sperm to penetrate the egg
vestments. Sperm mitochondrial translocation can be trig-
gered by contact with eggs, egg water, high-pH seawater,
low-sodium seawater, chloride-free seawater, and calcium
ionophores (Lambert and Epel, 1979; Lambert and Lambert,
1981; Lambert, 1982).
A rise in the internal calcium ions concentration ([Ca21]i)4
is known to initiate a variety of intracellular responses to
external stimuli in a variety of cells (reviewed by Berridge,
1993). Among such cellular responses are the events of
sperm activation: for example, in sea urchin sperm, Ca21
entry triggers the acrosome reaction (reviewed by Trimmer
and Vacquier, 1986); in ascidian sperm, [Ca21]i rises when
he cells are activated by high-pH or low-sodium seawater
Lambert and Lambert, 1981); in trout sperm, Ca21 entry
initiates sperm motility (Cosson et al., 1989); and, in
mammalian sperm, a transient rise in [Ca21]i (Storey et al.,
1992) composed of focal and global elements (Florman,
1994) induces the acrosome reaction and [Ca21]i oscillates
ith flagellar beating during hyperactivation (Suarez et al.,
993).
Elevation of [Ca21]i can occur by external Ca21 entry or
nternal Ca21 release. Entry of external Ca21 can occur
hrough several types of Ca channels: receptor-linked (e.g.,
itcher et al., 1998), store-operated (Rios and Stern, 1997),
yclic nucleotide-gated (e.g., Wiesner et al., 1998), or
oltage-dependent (e.g., Catterall, 1995). In mammalian
ystems, voltage-sensitive Ca channels can be identified
harmacologically in neurons and other excitable cells as
eing L-, T-, R-, N-, and P/Q-type Ca channels (reviewed by
ean, 1989; Tsien and Tsien, 1990; Spedding and Paoletti,
992; Randall and Tsien, 1997).
Ca21 can be released from two types of nonmitochondrial
ntracellular stores (reviewed by Tsien and Tsien, 1990)
oth of which are reloaded by thapsigargin-sensitive Ca-
TPases (Inesi and Sagara, 1992). One type of internal store
eleases Ca21 via ryanodine-sensitive Ca channel (Lattanzio
t al., 1987) and the other via inositol 1,4,5-trisphosphate
IP3)-sensitive Ca channels (Miyazaki et al., 1992). The
ulfhydryl thimerosal has been shown to release Ca21 from
these stores (Miyazaki et al., 1992). In addition, several
studies have also shown that mitochondria release Ca21
4 Abbreviations used: AM, acetoxymethylester; Cf, caffeine;
[Ca21]I, intracellular calcium ion concentration; DMSO, dimethyl
sulfoxide; DPBP, diphenylbutylpiperdine; DHPE, 1,2-dihexade-
canoyl-sn-glycero-3-phosphoethanolamine; DHPC, 1,2-dihexade-
canoyl-sn-glycero-3-phosphocholine; IP3, inositol 1,4,5-trisphos-
hate; ICB, intracellular buffer; 6.8ICB, pH 6.8 intracellular buffer;
.8SW, pH 6.8 Millipore-filtered or artificial seawater; 9.4SW, pH
.4 Millipore-filtered or artificial seawater; MTL, mitochondrial
ranslocation; %MTL, percentage of mitochondrial translocation;s
f, nifedipine; OG, n-octyl-b-D-glucopyranoside; Pf, penfluridol;
Pz, pimozide; Ry, ryanodine.
Copyright © 1999 by Academic Press. All rightunder the influence of sulfhydryl reagents (Masini et al.,
1986; Moore et al., 1988; Weis et al., 1990; Zhang and
Lindup, 1994). Each of these pharmacological agents is a
powerful tool in determining how [Ca21]i is controlled.
In this study, we have explored the mechanism by which
Ca21]i rises during activation of sperm from the solitary
tunicate, A. ceratodes. Indeed, mitochondrial translocation
can be evoked either by Ca21 entry or by mobilization of
internal stores. Activation evoked by high pH involves the
opening of plasmalemmal Ca channels based on the actions
of various organic and inorganic Ca channel blockers.
Thimerosal-evoked activation is not sensitive to surface Ca
channel blockers and involves IP3-dependent internal Ca
release. Further study of the mechanisms that open Ca-
entry and -release channels of ascidian sperm may provide
new insights into Ca signaling during fertilization.
MATERIALS AND METHODS
Materials
Thapsigargin and ryanodine were purchased from Calbiochem
(La Jolla, CA). The intracellular Ca21 probe fura-2 acetoxymethyl-
ster (AM) and the detergent Pluronic F-127 were purchased from
olecular Probes (Eugene, OR). Cholesterol, thimerosal, pimozide,
ifedipine, Hepes, NaHCO3, Tris base, MgCl2, and EGTA were
urchased from Sigma (St. Louis, MO). The following salts were
rom Baker Analytical (Phillipsburg, NJ): MgSO4, KCl, CaCl2,
NiCl2, and CoCl2. NaCl was purchased from Mallinckrodt (Paris,
KY), glycerol from Spectrum, and formaldehyde from Ted Pella,
Inc. (Redding, CA). Natural seawater was collected from Kerckhoff
Marine Station (Corona Del Mar, CA) and Millipore filtered (22
mm) before use. Thapsigargin, pimozide, nifedipine, and fura-2 were
solubilized in dimethyl sulfoxide (DMSO) obtained from Sigma and
kept anhydrous by storage with molecular sieves (0.4 nm). Penflu-
ridol was a generous gift of Dr. Marcel Janssen, Janssen Research
Foundation, Beerse, Belgium. 1,2-Dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (DHPE) and 1,2-dihexadecanoyl-sn-glycero-
3-phosphocholine (DHPC) were purchased from Avanti Polar Lip-
ids (Albaster, AL)
Tunicate Maintenance and Dissection
A. ceratodes were collected from Half Moon Bay or Monterey,
California. The animals were maintained in aquaria at 13°C for up
to 5 weeks with weekly half-volume seawater changes. Sperm was
taken directly from the sperm duct by needle dissection. The dry
sperm were stored on ice for immediate use or refrigerated for up to
3 days.
Media
Artificial seawater was prepared as follows (in mM): 10 CaCl2,
423 NaCl, 9 KCl, 22.9 MgCl2, 25.5 MgSO4, and 2.02 NaHCO3
(940–1040 mOsm). Low Ca artificial seawater was made with 2
mM CaCl2 and appropriately elevated NaCl, and high K artificial
eawater was made by substituting 50 mM KCl for an equivalent
oncentration of NaCl.Millipore-filtered natural seawater was also used. Results were
tatistically identical whether experiments were performed in
s of reproduction in any form reserved.
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455Calcium Sources in Sea Squirt Sperm ActivationMillipore-filtered natural seawater or artificial seawater; thus fur-
ther distinction will not be made. Both were used at pH 6.8 (6.8SW)
or pH 9.4 (9.4SW).
Intracellular buffer (ICB) was composed of (in mM): 150 KCl, 6
MgCl2, 2 MgSO4, 320 glycine, 320 mannitol, 1 DTT, 4 ATP, 0.1
GTA, and 20 Hepes adjusted to pH 6.8 (6.8ICB).
Mitochondrial Translocation
The percentage of mitochondrial translocation (%MTL) was
monitored as follows. Dry sperm were diluted into 6.8SW (1 ml/2
ml), and then aliquots were dispersed onto glass coverslips and
allowed to attach for 5 min. Controls were exposed to 6.8SW or
6.8ICB only, but experienced the same solution changes as the
treatment groups. If preactivation treatment (e.g., with blocking
agents) was used, attached sperm were exposed to that agent in
6.8SW or 6.8ICB for 3–5 min. The effect of activating agents was
tested for different periods as follows: IP3, heparin, thimerosal,
ryanodine, and 9.4SW for 5 min and thapsigargin for 10 or 20 min.
Ni and Co ions were present throughout experiments when they
were used as Ca channel blockers. After drug exposure, sperm were
fixed in 1% formaldehyde in seawater (15 min, room temperature),
mounted in 50% glycerol in seawater, sealed with fingernail polish,
and analyzed by phase microscopy.
MTL was assessed for 300–900 sperm cells in random fields
away from coverslip edges. In most cases, assays comparing control
and treatment groups were performed in triplicate, with sperm
dissected from three different animals.
Pimozide, penfluridol, and CCCP were dissolved in DMSO. One
percent DMSO in seawater had no effect on %MTL; thus if present
as a solvent it was always used at that concentration. Statistical
comparisons of %MTL were performed using Instat Biostatistics
software.
Measurement of Intracellular Ca Concentrations
For fluorescence analysis, dry sperm were diluted (5 ml/2 ml) into
ura-2 AM loading solution (10 mM fura-2 AM, 0.1 % Pluronic
F-127, 3 % DMSO in SW) and incubated for 40 min. All samples
were centrifuged at 1500 rpm for 15 min and resuspended in 6.8SW
before epifluorescence microscopy or spectroflurometry. For spec-
trofluorometry studies, ratiometric analysis was performed in a
Hitachi F-2000 fluorescence spectrophotometer with constant stir-
ring at 15°C and quantitated using the intracellular cation mea-
surement software. Ca21 concentrations were determined from a
standard curve of 350/380 ratios. Baseline data were collected and
then bulk sperm samples were activated by the addition of 1 M Tris
SW sufficient to raise the pH to 9.4. Fluorometry experiments were
performed in triplicate and representative traces are presented.
Controls and experimentals were from individual samples taken
from the same primary batch of sperm cells; i.e., sperm collected
from one or more animals were used to run different sets of
experiments—controls were paired with experimentals from the
same primary batch of sperm cells. Data from experimentals were
normalized to control internal Ca concentrations at 5 min, i.e., just
before sperm were activated with high pH.
Preparation and Use of Liposomes
Liposomes that will fuse with sea squirt sperm cells delivering
lumenal contents were prepared as described previously (Garrett et
al., 1999). Briefly, liposomes were made from the DHPC:DHPE:
Copyright © 1999 by Academic Press. All rightcholesterol (2:1:1) chloroform solution in the presence of sodium
cholate (54.82 mM) and dialyzed in a Sialomed Mini-Lipoprep
device against 740 mM KCl in Hepes buffer (50 mM), pH 8.0, at
60°C for 14 h and yielded approximately 73 mmol total lipid per
milliliter of liposomes. These liposomes are approximately 100 nm
in diameter. Liposomes were loaded with IP3 (1 mM in dialysis
uffer), IP3 plus heparin (1 mM and 250 mg/ml in dialysis buffer,
espectively), or the dialysis buffer alone. We refer to the latter
iposomes as “empty.” Sperm were incubated for 15 min with a
:500 dilution of liposomes, washed, fixed, mounted, and analyzed
s described above.
Production and Use of Permeabilized Sperm
Sperm were diluted and attached to coverslips as described above
then permeabilized by incubation in the nonionic detergent
n-octyl-b-D-glucopyranoside (OG; 0.2%) for 3 min at RT in 6.8ICB.
ermeabilized sperm remained motile for greater than 2 h in ICB.
onger incubation periods and higher concentrations of OG caused
oss of mitochondria and flagellar activity. Successful permeabili-
ation was verified by failure to swell in hypotonic SW medium.
Permeabilized sperm were exposed to IP3 (1.25 mM) or heparin
250mg/ml) followed by heparin plus IP3 for 5 min each then
assayed for MTL.
RESULTS
High-pH Activation and External Ca21 Entry
Throughout this study, we use MTL as our assay for
sperm activation. To set a baseline consistent with previous
reports (Lambert and Epel, 1979; Lambert and Lambert,
1981, 1983), we established that sperm suspended in 6.8SW
for up to 1 h showed only 10–20% spontaneous activation
and that 9.4SW and other activating agents stimulated
35–60% MTL within 5–15 min.
Activation by 9.4SW (Fig. 1A) was diminished from
57.56 6 1.92 %MTL in normal Ca (10 mM Ca21) to 29.56 6
2.79 [mean 6 SEM; n 5 900 (300 cells from each of three
animals)] in low Ca (2 mM Ca21). In our hands, A. ceratodes
sperm behave inconsistently in zero Ca SW where a large
percentage of sperm exhibited aberrant morphology making
quantitation difficult and leading to wide variation. We
conclude that the dependence of high-pH activation upon
the external [Ca21] indicates a requirement for Ca21 entry.
This requirement for external Ca21 led us to investigate
he mechanism of Ca21 entry. If the Ca channels are
oltage-dependent then they should be sensitive to the level
f K1 in the external seawater. High K (50 mM K1) seawater
nhibited stimulation of sperm activation by high external
H (Fig. 1A). High K 6.8SW and high K 9.4SW produced
tatistically similar results, 12.5 6 4.68 and 15.88 6 2.22,
espectively [P . 0.05; mean 6 SEM; n 5 900 (300 cells
from each of three animals)].
In mammalian neurons, four types of voltage-dependent
Ca channels can be identified pharmacologically: L-type,
T-type, R-type, N-type, and P/Q-type (reviewed by Spedding
and Paoletti, 1992). Here, to characterize external Ca entry
during sperm activation, we have used agents known to
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightaffect Ca channels most frequently found in nonexcitable
cells. For example, in mammalian cells, the diphenylbu-
tylpiperidine (DPBP) pimozide blocks L- and T-type chan-
nels (Enyeart et al., 1990, 1992), the dihydropyridine nifed-
ipine blocks L-type channels (for review see Spedding and
Paoletti, 1992), the DPBP penfluridol blocks T-type chan-
nels preferentially (Enyeart et al., 1992), cobalt ions block
L-type channels, and nickel ions block T-type channels
preferentially (Hagiwara et al., 1988; Boulton and
O’Shaughnessey, 1991). Despite the fact that in ascidian
cells the actions of these agents cannot clearly indicate the
presence of a particular type of Ca channel, since in Ciona
intestinalis oocytes the Ca channel do not behave as
defined in mammals (Bosma and Moody, 1990; Arnoult and
Villaz, 1994), they provide a pharmacological sensitivity
profile for the Ca-entry channels that open during sperm
activation.
Pretreatment with pimozide (10 mM) for 3 min reduced
the %MTL stimulated by 9.4SW by over 60% (Fig. 1B).
Unlike pimozide, nifedipine (30 mM) had a minor effect on
%MTL, reducing it by about 15% (Fig. 1B). On the other
hand, penfluridol (3 mM) blocked high-pH activation by
92% (Fig. 1B). Finally, sperm were activated by 9.4SW in the
presence of the nickel ions (Ni21) and cobalt ions (Co21).
Ni21 (1 mM) severely decreased %MTL by 70%, whereas
Co21 (1 mM) reduced %MTL by only 15% (Fig. 1C). None of
these agents affected the rate of spontaneous activation in
6.8SW (data not shown). Taken together these data indicate
that plasmalemmal Ca channels, which may be voltage-
dependent, control Ca entry during sperm activation.
Activation by Mobilization of Intracellular Stores
In concept, sperm also might be activated by Ca21 re-
eased from a mitochondrial or an endoplasmic reticulum-
ike store. To test a possible role of release from mitochon-
rial stores, we explored the effects of the protonophore
CCP (Thayer and Miller, 1990; Werth and Thayer, 1994)
n sperm activation. At 10 mM, CCCP produced only a
small increase in %MTL (Fig. 2), suggesting that release of
mitochondrial stores of Ca21 is not an effective stimulus for
perm activation. In contrast, thimerosal, an agent that
obilizes Ca21 from reticular stores of many cells
Miyazaki et al., 1992), produced a large increase in MTL
Fig. 3C). Because pretreatment of sperm with CCCP had no
ffect on thimerosal-dependent activation, we can exclude
he possibility that thimerosal acts exclusively by releasing
itochondrial stores.
Endoplasmic reticulum-like stores accumulate Ca21
through a thapsigargin-sensitive Ca–ATPase (Thastrup et
or Pf. (C) Applied at 1 mM, Ni21 was much more effective thanFIG. 1. Alkaline seawater opens Ca21 channels to evoke sperm
ctivation. (A) Mitochondrial translocation stimulated by pH 9.4
eawater was inhibited when the external Ca21 concentration was
lowered from 10 mM (normal seawater) to 2 mM (P , 0.001) and
as not significantly different from control levels in the presence
f 50 mM K1 (P 5 0.161). Incubation in pH 6.8 seawater serves as
the negative control indicating the level of spontaneous mitochon-
drial translocation in both cases. (B) The diphenylbutylpiperidine
Ca channel blockers pimozide (Pz) and penfluridol (Pf) both inhib-
ited mitochondrial translocation compared to the positive control
of 9.4SW with only DMSO (1%; P , 0.001). Although statisticallyCo21 (P , 0.001). Data are means 6 SEM where n 5 900 (300 cells
from each of three different animals).
s of reproduction in any form reserved.
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457Calcium Sources in Sea Squirt Sperm Activational., 1990; Lytton et al., 1991; Inesi and Sagara, 1992;
Wictome et al., 1992) and release it through voltage-
insensitive Ca channels opened by ryanodine (Jenden and
Fairhurst, 1969; Sutko et al., 1985; Meissner, 1986; Lattan-
zio et al., 1987; McPherson et al., 1992) or IP3 (Streb et al.,
1983; Berridge and Irvine, 1989; Berridge, 1993). The ability
of thapsigargin (5 mM) to activate sperm to levels equal to
.4SW stimulation (Fig. 3A) suggests that sperm possess
ntracellular Ca21 stores loaded by an intracellular Ca–
TPase.
Ryanodine (100 nM and 100 mM), caffeine (1 mM), or
affeine (5 min) followed by ryanodine had no significant
ffect on sperm activation (Fig. 3B). On the other hand,
himerosal (1 mM) activated sperm even in the presence of
low Ca (2 mM) SW, pimozide (10 mM), penfluridol (3 mM), or
nickel (1 mM; Fig. 3C) consistent with an action on internal
reticular stores.
Direct evidence for an IP3-responsive store in sperm was
athered using liposome-delivery and permeabilization ex-
eriments. Activation increased in a time-dependent man-
er when sperm were incubated with IP3-loaded (1 mM)
liposomes, reaching level as high as 30% after 15 min.
Similar exposure to IP3 plus heparin-loaded (250 mg/ml)
iposomes had no effect on %MTL compared to activation
y heparin-only liposomes or 6.8SW without liposomes
Fig. 4).
Permeabilized sperm showed a dose-dependent increase
FIG. 2. Test for release of Ca21 from mitochondrial stores. The
mitochondrial uncoupler CCCP alone caused sufficient Ca21 re-
lease to activate a small percentage of sperm (compare column 1 to
column 3). Pretreatment by CCCP (5 min) did not deplete stores
released by thimerosal (Tm; compare column 2 to column 4). Data
are means 6 SEM; n 5 900 (300 cells from each of three different
animals).n %MTL when treated with IP3. Concentrations between
.26 and 1.05 mM produced sperm activation in the 50%
1
Copyright © 1999 by Academic Press. All rightange whereas 1.25 mM or greater produced around 65%
activation (Fig. 5). Neither unpermeabilized sperm in the
presence of IP3 (1.25 mM) nor sperm permeabilized by OG in
he presence of ICB showed significant elevation in %MTL
ompared with unpermeabilized sperm exposed to external
CB alone. Stimulation by IP3 (1.25 mM) was blocked by
pretreatment with heparin (250 mg/ml; Fig. 6).
Rise in Intracellular Ca
A rise in [Ca21]i was studied using ratiometric analysis of
fura 2-loaded sperm suspensions in a spectrofluorometer.
At rest, the free [Ca21]i was 124 6 8 nM (mean 6 SD, n 5 9
atches). Ten minutes after stimulation by high-pH seawa-
er and thimerosal, the [Ca21]i level had risen to 184 6 10
nd 153 6 23 nM (mean 6 SD, n 5 3 and 5 batches),
respectively, both of which are significantly different from
controls (P , 0.001). The rise in [Ca21]i caused by treatment
ith 9.4SW was diminished by the Ca channel blocker
imozide (10 mM; Fig. 7A). In contrast, the [Ca21]i elevation
aused by treatment with thimerosal (1 mM) was not
ffected by pimozide (Fig. 7B). Nifedipine (30 mM) had no
ffect on the rise in [Ca21]i caused by either 9.4SW or
himerosal (Figs. 7C and 7D). Effects of Co21 and Ni21could
not be tested because their pH-dependent color change
obscured fura-2 fluorescent emissions.
DISCUSSION
Intracellular Free Calcium Ion Concentrations
The mitochondrial translocation that occurs during acti-
vation of sperm from A. ceratodes is known to be depen-
ent upon calmodulin-mediated actin:myosin interactions
Lambert and Lambert, 1983, 1984). Here we have shown
hat increased [Ca21]i is required. Similar elevations in
[Ca21]i have been observed to increase sperm motility in
rout (Cosson, et al., 1989) and hamster (Suarez et al., 1993).
uring hyperactivation, the [Ca21]i levels in hamster sperm
oscillate in a range similar to that reported here for activa-
tion of ascidian sperm, i.e., between 100 and 1000 nM
(Suarez et al., 1993). A role for IP3-dependent release of Ca21
from the acrosomal vesicle during the acrosomal reaction in
several mammals has been proposed from the presence of
IP3 receptors and the actions of thimerosal and IP3 delivered
to permeabilized rat sperm (Walensky and Snyder, 1995).
Our finding that the average resting free [Ca21]i of 124 nM
nd the rise after a 10-min activation by high-pH seawater
r thimerosal to 184 and 153 nM, respectively, correlates
ell with measurements taken by atomic absorption anal-
sis where activated sperm contained 207.5 nM total cal-
ium (Lambert and Lambert, 1981). In general, when mea-
ured by fluorescent probes in a variety of cells types
ncluding other sperm cells, the resting free [Ca21]i falls
ithin a range of 50–200 nM and stimulated levels rise to
50 nM–1 mM: for example, in neutrophils, resting 69 nM
and stimulated 146–240 nM (Sawyer et al., 1985); in human
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightepidermoid cells, resting 87 nM and stimulated 294 nM
(Kiang et al., 1990); in thymocytes, resting 100 nM and
stimulated (first stage) 160–180 nM and (second stage)
saturated at 1 mM (Gukovskaya et al., 1992); in mouse
hippocampal neurons, resting 88.9 nM and stimulated 292
nM–1 mM (Koch and Barish, 1994); in sea urchin sperm,
resting 1 mM (Schackmann and Chock, 1986); in boar and
ram sperm, resting 105 and 193 nM, respectively (Simpson
and White, 1988); and in trout sperm, resting (40 mM K1)
27–57 nM and stimulated (K1-dependent motility) 160–350
nM (Cosson et al., 1989).
External Calcium Ion Entry
A requirement for external Ca21 entry in ascidian sperm
ctivation is supported by the decrease in %MTL when
perm were activated in low-Ca (2mM) seawater and by the
locking actions of pimozide, penfluridol, Ni21, and high K1
on %MTL and [Ca21]i changes. Pharmacological data like
hese are insufficient for defining the specific type of Ca
hannel that may be present in ascidian sperm, since in C.
ntestinalis oocytes the pharmacologically and electro-
hysiologically Ca channel do not behave as defined in
ammals (Bosma and Moody, 1990; Arnoult and Villaz,
strong stimulation when compared to the negative control (6.8SW).
FIG. 4. Evidence of release of Ca21 from an IP3-sensitive store.
iposomes loaded with IP3 (1 mM; squares) stimulated a time-
dependent rise in MTL. Percentage of mitochondrial translocation
in the presence of liposomes loaded with heparin alone (250 mg/ml;
diamonds) or with IP3 plus heparin (triangles) were statistically
similar to sperm alone (circles). Data are means 6 SD where n 5 3
batches of sperm and liposomes. Liposome were diluted 1:500 in
the sperm suspension (25 ml dry sperm per 2 ml SW).FIG. 3. Evidence for release of Ca21 from endoplasmic reticulum-
ike stores. (A) The internal Ca–ATPase inhibitor thapsigargin (Tg)
revented resequestration of intracellular Ca21 elevating [Ca21]i
and thus stimulated mitochondrial translocation in the absence of
high-pH seawater. (B) Ryanodine (Ry), caffeine (Cf), or Cf followed
by Ry (Cf/Ry) were not different from each other and had no
stimulating effect on mitochondrial translocation compared to the
pH 9.4 positive control values (P , 0.001). (C) Thimerosal (Tm)-
dependent activation occurred at low pH (6.8) and was independent
of low external Ca21 (2 mM) as well as the presence of pimozideData are means 6 SEM; n 5 900 (300 cells from each of three
ifferent animals).
s of reproduction in any form reserved.
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459Calcium Sources in Sea Squirt Sperm Activation1994)—such a conclusion awaits electrophysiological anal-
ysis. However, it is clear that ascidian sperm activation
depends on Ca entry through plasmalemmal voltage-
dependent Ca channels that can be blocked by pimozide,
penfluridol, and Ni21, but not nifedipine and Co21.
In most published studies of [Ca21]i in sperm activation,
elevation of [Ca21]i depends on external Ca21 entry. This
role was first studied in sea urchin sperm where the
acrosomal reaction is dependent on external Ca21 (Schack-
ann, 1989; Gonzalez-Martinez and Darszon, 1987) and
equires a net influx of Ca21 (Dan, 1954; Schackmann et al.,
1978; Tilney et al., 1978; Schackmann and Shapiro, 1981;
Christen et al., 1986). Such an influx, which follows a
K1-dependent hyperpolarization (Gonzalez-Martinez et al.,
1992), depolarizes sperm cells (Schackmann and Shapiro,
1981; Garcia-Soto et al., 1987) and leads to a significant
increase in 45Ca uptake and [Ca21]i (Gonzalez-Martinez et
l., 1992). In ascidians, 45Ca accumulates when sperm are
activated by high-pH or low-sodium seawater (Lambert and
Lambert, 1981). In trout sperm, the Ca-channel blocker
desmethoxyverapamil prevents Ca entry and inhibits mo-
tility (Cosson et al., 1989), whereas in mammalian sperm, a
transient Ca21 rise is required for capacitation (Singh et al.,
978) and zona pellucida-induced (Florman et al., 1989;
torey et al., 1992) or follicular fluid-induced (Thomas and
eizel, 1988) acrosome reaction and depends on entry of
xternal Ca21 (reviewed by Yanagimachi, 1988; Florman
and Babcock, 1991). Considerable evidence indicates that
mammalian sperm contain a L-type-like voltage-sensitive
Ca channel (Babcock and Pffeifer, 1987; Cox and Peterson,
1989) and that activation of these channels is required
during zona pellucida-initiated exocytosis (Florman et al.,
1992). Florman (1994) has argued that a non-voltage-
regulated QNB-sensitive Ca channel is responsible for a Ca
rise confined to the head region which in turn activates
L-type-like Ca channels leading to a cell-wide Ca transient.
FIG. 5. Dose-dependent effects of IP3 on percentage of mitochon-
drial translocation. Treatment of OG permeabilized sperm with
increasing concentrations of IP3 caused a corresponding rise in
%MTL. Data are means 6 SD; n 5 300. The line is the second-order
polynomial curve fitted by KalidaGraph.But recently, it has been shown that T-type channels are
mainly responsible for Ca currents in mouse primary sper-
4
o
Copyright © 1999 by Academic Press. All rightatocytes (Santi et al., 1996) and these channels are opened
y zona pellucida binding (Arnoult et al., 1996). T-type Ca
hannels have been identified genetically (Lie´vano et al.,
996) and characterized pharmacologically in mouse sper-
atogenic cells (Arnoult et al., 1998) and shown to be
H-dependent (Santi et al., 1998).
Release of Calcium Ions from Internal Stores
In contrast to past findings in many species where no
identifiable Ca21 stores have been found (reviewed by
anagimachi, 1988; Florman and Babcock, 1991), ascidian
perm mobilize Ca21 from internal stores during activation.
We have shown that this internal store is not released by
CCCP or ryanodine, but is released by thapsigargin,
thimerosal, and IP3.
Thapsigargin is an agent whose ability to inhibit endo-
lasmic and sarcoplasmic reticulum Ca pumps is well
stablished (Lytton, et al., 1991; Inesi and Sagara, 1992).
hapsigargin elevates internal Ca in human sperm (Black-
ore, 1993; Bonaccorsi et al., 1995) and stimulates acroso-
al exocytosis in human (Meizel and Turner, 1993) and
amster sperm (Llanos, 1998). Our finding that thapsigargin
timulated mitochondrial translocation in ascidian sperm
s consistent with this support of a role for internal Ca
tores in sperm activation. However, although the thapsi-
argin data support the presence of an internal Ca21 seques-
tration mechanism, they do not indicate whether a
ryanodine- or IP3-sensitive Ca channel is involved.
Thimerosal has been shown to increase [Ca21]i by releas-
ing mitochondrial (Masini et al., 1986; Moore et al., 1988;
Weis et al., 1990; Zhang and Lindup, 1994) and endoplasmic
reticulum stores (Miyazaki et al., 1992). In order to test
whether thimerosal was releasing Ca21 from mitochondrial
FIG. 6. Effect of IP3 on permeabilized sperm. Unpermeabilized
sperm cells did not respond to the presence of intracellular buffer
(ICB) or IP3 (1.25 nM) (columns 1 and 2). Octylglucoside (OG)-
permeabilized sperm cells showed no statistically significant
change in response when treated with ICB alone (column 3), but
addition of IP3 stimulated MTL equivalent to high-pH SW (column
). Pretreatment with heparin blocked this stimulation by 80%
ver negative control (250 mg/ml; compare columns 4 and 5).
s of reproduction in any form reserved.
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460 Butler et al.stores, we needed an alternative method for causing mito-
chondria to release Ca21. The role of mitochondria in
alcium homeostasis has been studied recently and a role in
alcium release has been established in dorsal root ganglia
eurons (Thayer and Miller, 1990; Werth and Thayer, 1994).
he needs for regulation of [Ca21]i in these neurons are
much different from those in ascidian sperm cells undergo-
ing activation. These neurons may experience repeated
stimulatory events associated with large-volume Ca influx;
because the elevated [Ca21]i is potentially lethal, the mito-
chondria sequester it. The sequestered Ca21 is then released
at a rate easily handled by the other calcium homeostatic
mechanisms. In these cells, the uncoupler CCCP causes a
rapid release of mitochondrial Ca and inhibits mitochon-
drial Ca sequestration. If, as shown above, ascidian sperm
activation require an increase in [Ca21]i of only 30–60 nM
and mitochondria contain 50–75 nM Ca21, one might
easonably expect that mitochondria could release enough
a21 to activate these sperm. However, in our experiments,
CCP alone had only a small effect on mitochondrial
FIG. 7. Effects of pimozide and penfluridol on high-pH- and thime
rise in intracellular free Ca21 was significantly inhibited by pimoz
spectroflurometry. (B and D) The thimerosal-dependent rise in int
when examined under similar conditions. Blockers were administe
scales are slightly different. Controls are paired with experimen
Methods).ranslocation; i.e., it doubled the percentage of spontaneous
ctivation, but fell far short of the six- to eightfold increase
Copyright © 1999 by Academic Press. All rightroduced by thimerosal. This finding suggests that in a
mall percentage of sperm cells (about 8–10 %), the mito-
hondrion can release enough Ca21 to trigger activation.
While this is an interesting finding, it argues against mito-
chondrial release as the major physiological mechanism for
triggering sperm activation. However, mitochondrial se-
questration does seem to occur during sperm activation as
suggested by the fluorescence of mitochondria in high-pH-
stimulated chlortetracycline-loaded ascidian sperm (Lam-
bert and Lambert, 1983).
There has been some disagreement as to whether
thimerosal stimulates ryanodine- or IP3-sensitive receptors.
Because heparin fails to block thimerosal-induced Ca21
oscillations following Ca21 injection in hamster oocytes, it
as been suggested that thimerosal stimulates ryanodine-
ensitive receptors (Carroll and Swann, 1992). On the other
and, the evidence that thimerosal releases Ca21 from
P3-sensitive stores (Missiaen et al., 1991) is widely sup-
ported by studies, for example, in rat hepatocytes (Missiaen
et al., 1992), rat brain (Sayers et al., 1993), HeLa cells
l-dependent elevation of [Ca21]i. (A and C) The high-pH-dependent
Pz), but not nifedipine (Nf), when examined by fura-2 ratiometric
lular free Ca21 was unaffected by pimozide (Pz) or nifedipine (Nf)
t time 0 and stimulation was at 5 min (up arrow). Note that y-axis
from the same primary batch of sperm cells (see Materials androsa
ide (
racel
red a(Bootman et al., 1992), and mammalian oocytes (Swann,
1991, 1992; Cheek et al., 1993; Fissore et al., 1992). Most
s of reproduction in any form reserved.
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461Calcium Sources in Sea Squirt Sperm Activationconvincingly, anti-IP3 receptor antibodies block thimerosal
stimulation in hamster eggs (Miyazaki et al., 1992). The
fact that thimerosal and IP3,but not ryanodine, stimulate
perm activation suggests that ascidian sperm contain IP3-
sensitive stores.
This proposal is strongly supported by our finding that
IP3, whether delivered by liposomes or permeabilization,
timulated mitochondrial translocation in a manner that is
locked by heparin. Further support for a role of IP3 is the
demonstration of its presence in sea urchin, ascidian, and
human sperm cells. Before activation, sea urchin sperm
contain 4 3 10219 to 1 3 10218 mol of IP3, a level calculated
to rise to 2 3 10218 mol in acrosome-reacted spermatozoa
(Iwasa et al., 1990). In human and ascidian sperm 6.4 (6
0.14) 3 10219 and 1.58 (6 0.74) 3 10219 mol of IP3, respec-
tively, were found in unreacted sperm (Tosti et al., 1993).
Levels of IP3 in ascidian sperm were not significantly
altered either by activation via A23187-, phorbol ester-, or
NH4Cl-containing seawater or by Na-free seawater–results
nterpreted as indicating that IP3 is not involved in sperm
ctivation by any of these mechanisms (Tosti et al., 1993).
However, if, as we propose, IP3 releases Ca21 from intracel-
ular stores, it would operate upstream of sites sensitive to
hese four stimuli, all of which are linked to external Ca21
entry not internal Ca21 release. IP3-sensitive Ca stores have
een demonstrated in mature mammalian sperm to play a
ole in acrosome reactions (Walensky and Synder, 1995) and
nternal alkalization stimulates some internal Ca release in
ouse spermatogenic cells (Santi et al., 1998).
CONCLUSIONS
In this paper, we have shown that high-pH seawater,
thapsigargin, and thimerosal artificially activated sperm,
causing mitochondrial translocation through a rise in
[Ca21]i. High-pH seawater stimulated Ca21 entry through
oltage-dependent Ca channels, whereas thapsigargin and
himerosal caused the release of Ca21 from intracellular
tores. IP3 delivered via liposomes or permeabilization also
stimulated sperm activation by the release of internal Ca.
We propose that: (1) The high-pH seawater caused intracel-
lular alkalization that directly or indirectly activated extra-
cellular Ca21 entry through voltage-dependent Ca channels
contributing to the elevation of [Ca21]i and (2) a second
ontribution to the elevation of [Ca21]i was made by the
release of Ca21 from a thimerosal-sensitive, IP3-regulated
nonmitochondrial intracellular Ca store.
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